Comparative studies of the effects of two compounds, tebufenozide (an ecdysone agonist) and lufenuron (an insect growth regulator inhibiting chitin synthesis), were conducted on Spodoptera littoralis (Boisduval, 1833). The compounds, orally administered, caused larval mortality proportional to the concentrations in the food source. Tebufenozide initiated precocious molting, and lufenuron, and inhibited chitin synthesis. In both cases, larvae were unable to complete the molting process and died in the old larval cuticle. Larvae contaminated by sublethal doses completed their development to adulthood. Lufenuron is more active than is tebufenozide. LD-50 for lufenuron is 0.0001ppm and for tebufenozide 0.001ppm. Topical application of the test compounds to eggs caused dose-and agedependent inhibition of embryonic development. Application of tebufenozide in the second half of embryogenesis caused precocious molting of eclosed larvae of the 1 st instar. Some morphological changes in the process of larval-pupal transformation were also observed. Tested compounds also reduced reproduction in adult individuals that had been treated by the tested compounds in the larval stage.
Introduction
Many noctuid moths are serious pests. Among these species, the Egyptian cotton leafworm Spodoptera littoralis (Boisduval, 1833) is a large, polyphagous insect known to destroy more than 100 different species of plants. For this reason, there is strong interest to find new methods for its control. New hormone-based compounds, including nonsteroidal analogues of ecdysone and insect growth regulators like lufenuron, appear to be useful.
The nonsteroidal ecdysone agonist dibenzoyl hydrazine (RH-5992 or tebufenozide) has been tested on different larval stages for a number of lepidopteran species [1] [2] [3] [4] . RH-5992 has been shown to induce precocious molting in all tested lepidopteran larvae, including the tobacco hornworm, Manduca sexta, and the spruce budworm, Choristoneura fumiferana [5] [6] [7] [8] .
Although this nonsteroidal ecdysteroid agonist was developed with the aim of disturbing larval development, substantial effects have been observed on lepidopteran reproduction. Studies carried out on several species belonging to various families (Crambidae, Noctuidae, Pyralidae, and Tortricidae) have shown that tebufenozide affected ovarian development [9] [10] [11] and reduced fecundity (total of eggs laid) [1, [12] [13] [14] and the fertility of both females [9, 10, 13, 15] and males [16, 17] .
Direct and latent effects of two chitin synthesis inhibitors, lufenuron and lefenuron/deltanet, on S. littoralis larvae were studied [18] . Lufenuron proved to be more toxic than lufenuron/deltaned. Both compounds produced delayed effects on surviving treated larvae, and some larvae failed to pupate successfully. In some cases, the delayed effects were manifested in the pupal or adult stages, expressed by death at either stage and significant reduction in reproductive potential of moths resulting from treated larvae.
Anwar and Abd Al Maged [19] found that Flufenoxuron was the most effective IGR (Insect Growth Regulators) against 2 nd instar larvae of laboratory strain S. littoralis, The aim of the present study is to investigate the effects of two compounds -the nonsteroidal ecdysone agonist RH-5992 (tebufenozide) and the chitin biosynthesis inhibitor lufenuron -on various biological aspects of S. littoralis.
Experimental Procedures

Insect culture
Egyptian cotton leafworm Spodoptera littoralis (Boisduval, 1833) (Noctuidae, Lepidoptera) was reared at 25±1°C, 75±10% relative humidity, photophase 16L:8D, and fed on an artificial diet ("PREMIX," prepared by Stonefly Industries, Inc., Bryan, TX, USA). Procedures for the rearing of the moth were described in detail by Sehnal et al. [20] . Eggs, larvae and adults were used in our experiments. All experiments were done under the same constant conditions.
Tested compounds
Two compounds were tested:
A flowable formulation (Mimic -2F, 240 g AI/l, Rohm and Haas Co., Spring House, Philadelphia, USA)
2) Lufenuron -RS 1-(2,5-dichloro-4-(1,1,2,3,3,3-hexafluoropropoxy phenyl)-3-(2,6 difluorobenzoyl) urea. The commercial name is Match 5% EC.
Treatments
Eggs
The compounds used in the experiment were applied in 1:10, 1:100, 1:1000, 1:10000 acetone solutions. Approximately 0.1 µl acetone solution of the tested compound were added by a microsyringe to eggs. Tested compounds were applied topically to eggs at ages 6, 12, 24, 48, 72, 96 and 120 hours old. Controls treated with the same amount of acetone and untreated controls were observed along with the experimental series. 100 eggs were used in each test.
Larvae
Tested compounds were administered orally. Larvae were provided food containing different amounts of the tested compounds. PREMIX powder was mixed with water as required to provide a suitable diet for the larvae in addition to delivery of the test compounds. The treated food contained 10.0, 1.0, 0.1, 0.01, 0.001, 0.0001 and 0.00001 ppm of each compound. Fresh treated food was added daily (2 g/5 larvae) in a 10 cm-diameter Petri dish. In the case of tebufenozide, the formulation used contained 24% active compound, and 5% in the case of lufenuron. Each test with 50 larvae was repeated three times.
Observations
Observed effects on larval development included: duration of instar (time between two moultings), body weight (weighing larvae daily using the balance model OHAUS ANALYTICAL Plus), duration of precocious molt (time between when experimental larvae begin to exhibit symptoms of moulting until exoskeletons are shed), morphological changes (all changes of a malformed larvae until pupation in comparison with the control), mortality of larvae and pupae, duration of pupal stage, number of eclosed adults, number of eggs laid, and hatchability.
Statistical analyses
Results are expressed as mean ± standard error (SE). GraphPad Prism 5 (GraphPad Software Inc.) was used for demonstrating the descriptive statistics. All statistical analyses were performed using two-way ANOVA.
Results
Effects of tested compound on embryonic development
S. littoralis laid their eggs under laboratory conditions on filter paper at the rate of 517.9±177.6 per female. Eggs were spherical, slightly flattened, and with equatorial diameters of approximately 0.4 mm. Embryonic development took 4-5 days. Hatchability of untreated eggs was 97.7%. Treatment of newly laid eggs (6-12 hours old) with tested compounds resulted in reduced hatchability depending on the compound, dose, and age of eggs. The results obtained are summarized in Table 1 .
Reduced hatchability resulted from numerous changes occurring in the course of embryonic development. Tested compounds applied to eggs 6-24 hours old often blocked development at cleavage division. The majority of treated eggs were inhibited before or during blastokinesis. Application of tested compounds to eggs 48-72 hours old inhibited hatchability in different ways. The majority of eggs contaminated with lufenuron could not hatch, and morphologically normal larvae of the 1 st instar died in the chorion. Tebufenozide slightly inhibited hatchability and the larvae began to molt immediately upon hatching. They had this long nick, could not finish molting, and died in the old cuticle. Treated eggs were observed for two days until hatching under a binocular microscope, and all observations were recorded.
Effects of tested compounds on larval development
Oral administration of the tested compounds to Spodoptera littoralis induced larval mortality proportional to the concentration of the compound in the food. Mortality of larvae feeding on food containing less than 0.001 ppm of tebufenozide or 0.0001 ppm of lufenuron did not differ from the controls. However, the majority of larvae died if their food contained higher amounts of either compound. Tebufenozide caused dose-dependent precocious molting and larvae died inside the cuticle. Lufenuron, on the other hand, was very toxic. Toxicity depended on the dose and treated larval instar. Larvae of the 3 rd and 4 th instars were most sensitive, more so than larvae of the penultimate and last (6 th ) instars. The results obtained are summarized in Tables 2 and 3 .
Lufenuron showed high toxicity against larvae of S. littoralis in comparison to tebufenozide. Lufenuron caused 100% mortality in larvae that were fed with food containing a high concentration of the compound (0.01 ppm). On the other hand, tebufenozide had a less toxic effect on the larval instars of S. littoralis. Tebufenozide caused dose-dependent precocious molting and death of larvae inside the cuticle. Within a 24 hour period from the beginning of precocious molting, the larvae developed elongated heads, and stopped feeding. In this "sleeping stage" the larvae died after 2-3 days.
In experiments with higher doses (1.0 or 0.1 ppm), the larvae died during the 24 hour period. Lower doses resulted in some cumulative effects. The majority of these larvae died in the process of the next molting (while moving from one larval instar to the next) or in the time of larval-pupal transformation. Some larvae experienced pathological changes, namely malformations of the thorax, and reduced wings, antennae and legs. Delayed effects also occurred, and mortality of adults before eclosion was observed ( Figure 1) .
The results obtained show that males of S. littoralis are much more sensitive to lufenuron than are females. Most of the eclosed adults were females (see Table 3 ). Dissection of dead larvae confirms this phenomenon.
Antifeedant activity of tebufenozide and lufenuron
For both tested compounds (at a concentration of 0.01 ppm for tebufenozide and 0.001 ppm with for lufenuron), antifeedant effect activity was observed.
All larvae at all feeding concentrations gradually lost weight and grew slowly in comparison with the controls. In both cases, those larvae taking contaminated food for 24 h had lower body weights than did those that were untreated (Figure 2 ).
Effects of tested compounds on reproduction
Higher concentrations of tested compounds wholly inhibited larval development and thus adults were not produced. Application of lower doses inhibited development of adults depending on the larval stage and dose used. Fertility of those adults obtained was observed. From each larval test, those adults obtained were crossed in the following variants: 1) untreated male x untreated female 2) untreated male x treated female 3) treated male x untreated female 4) treated male x treated female. This set of variants was used for all feeding concentration variants from which adults developed. The numbers of eggs laid and their hatchability show that both tested compounds reduced fertility of S. littoralis adults. Those results are summarized in Figures 3-6 .
Larvae that were fed food treated with 0.01 ppm of tebufenozide at the 4 th instar recorded 100% mortality, and thus no adults were obtained from this treatment. The effects on subsequent adults from treatments to the 5 th and 6 th instars showed highly significant differences between the 6 th instar and 5 th instar cases. The sex of adults was also significant, as treated males showed a greater reduction of hatchability compared with treated females (Figure 3 ; P<0.0001, F=64.99 and df=3). In the case of the lower concentration of 0.001 ppm, tebufenozide showed not high but significant differences between treated instars (Figure 4 ; P=0.0022, F=3.69 and df=6). When larvae were treated with a sublethal dose of 0.0001 ppm of lufenuron, the percentage hatchability for adults resulting from treating larvae in the 4 th , 5
th and 6 th instars also showed highly significant differences between instars and sex of treated adults ( Figure 5 ; P<0.0001, F=20.11 and df=6). At the lower concentration of lufenuron, there were marginally significant differences between treatments (Figure 6 ; P=0.0162 F=2.740 and df=5).
The results obtained show that lufenuron has a greater effect on egg hatchability than does tebufenozide. In the case of crossing lufenuron-treated males with lufenuron-treated females, the reduction in egg hatchability is highly significant. Our data show that the reduction of egg hatchability is caused by very low fertility of the treated males. Dissection of treated males shows some changes in the development of the internal sex organs. Size of testes and accessory glands were smaller in comparison to the control. The tested compounds also affected the maturation of spermatozoa. Histology of the testis showed pathological changes in the maturation of sperm, including resorbtion of spermatogonia, chaotic development of spermatozoa without cysts, spermatozoa with damaged heads, and few recognizable differences between apyrene and eupyrene spermatozoa (Figure 7) . The experiments showed that treated males experienced a greater reduction in hatchability than did treated females (Figures 3,5 ).
Discussion
Our results show that both tested compounds affected larval development and reduced fertility. Tebufenozide caused dose-dependent precocious molting in all tested larval instars. The results obtained are similar to those known for other Lepidoptera [5,6,8,21,etc.] . In a dose-dependent manner, the treated larvae begin a precocious, incomplete molt. These larvae stop th and 6 th larval instars. Differences were highly significant between treatments and control (P<0.0022, F=3.69 and df=6). UMuntreated male, UF -untreated female, TM -treated male, TF -treated female. Average % of hatchabilty feeding after 6-12 hours. At around 12-18 hours posttreatment, the head capsule slips, partially revealing an untanned new head capsule that appears wrinkled and poorly formed. By 24 hours post-treatment, the head capsule slippage is pronounced and there is a middorsal split of the old cuticle in the thoracic region, but there is no ecdysis. The larva remains moribund in this state and ultimately dies of starvation and desiccation. The same observations were made, in Choristoneura fumiferana [21] , Manduca sexta [8] , Spodoptera exigua and Spodoptera exempta [22] , among others. Although this nonsteroidal ecdysteroid agonist was developed with the aim of disturbing larval development, substantial effects were observed on lepidopteran reproduction. Indeed, studies carried out on several species belonging to various families (Crambidae, Noctuidae, Pyralidae and Tortricidae) have shown that tebufenozide affected ovarian development [9] [10] [11] and reduced fecundity (total eggs laid) [1, [12] [13] [14] as well as the fertility of both females [9, 10, 13, 15] and males [16, 17] . We also observed reduction in fertility. Tebufenozide reduces hatchability of treated eggs of S. littoralis. Inhibition of embryonic development is dependent on the age of treated eggs and the dose. Treatment in the first half of embryogenesis inhibited egg development before or through blastokinesis. The same effects were observed after application of juvenile hormone analogues [23] . Treatment in the second half of embryonic development induced precocious molt of eclosed larvae of the 1 st instar. In this process, there was no difference between treated larvae and eggs. The same observation had been made in Choristoneura fumiferana (I. Gelbič, unpublished results).
Inhibition of egg hatchability was observed also in adults obtained from treated larvae. This can be seen in Figures 3-6 . The significant reduction in egg hatchability is induced by lower fertility of males. The number of eggs laid by treated females is rather the same as for untreated females. Dissection of treated females revealed no pathological changes. On the other hand, significant reduction was observed in cases where treated males were crossed with untreated or treated females. Analogous effects had been previously observed in Ephestia kuehniella [24] , in the red-banded leafroller, Argyrotaenia velutinana (Walker) and in the oblique-banded leafroller, Choristoneura rosaceana (Harris) when exposed as adults [17] .
Khebbeb et al. [24] evaluated the reproductive potential of adult E. kuehniella under laboratory conditions using topical bioassays of the ecdysteroid agonist RH-5992 on pupae of E. kuehniella. This compound reduced the pupal development period with a dose-response relationship. Data showed that tebufenozide, topically applied on newly exuviated pupae, significantly affected such reproductive parameters in adults as fecundity, fertility, egg laying period, and embryonic duration of development. In addition, length and width of eggs were also reduced by tebufenozide treatment. Moreover, these parameters were affected more when males treated with tebufenozide were mated with untreated females or treated males and treated females were mated than when treated females were mated with untreated males and when both males and females were untreated. In a second series of experiments, the effects of tebufenozide, topically applied on newly emerged pupae, were evaluated in relation to weight and biochemical composition of gonads of newly emerged adults. Results showed a drastic decrease of gonadic weight and carbohydrate and lipid contents in both testicles and ovaries, but protein content was decreased only in testicles.
Significant reductions in egg fertility of A. velutinana were found only in the case of female exposure to tebufenozide treatments [17] . In C. rosaceana, on the other hand, significant reductions in fecundity occurred with both male and female exposure to tebufenozide treatments.
In comparison with tebufenozide, lufenuron is a much more active compound against S. littoralis larvae. Our results show very high toxicity. Treated larvae of different instars died after 12-24 hours, depending upon the dosage used. A high toxic effect has been previously observed in the same species in the 3 rd instar [18] . These authors tested the direct and latent effects of the growth inhibitor lufenuron EC 50 and of the combination of lufenuron with deltanet EC 235 (Furathiocarb) on the development of S. littoralis larvae. Various concentrations of each compound were incorporated into the meridic diet of S. littoralis larvae. Newly molted 3 rd larval instars were fed for 24 or 48 hours on the treated diet. Lufenuron proved to be more toxic than lefenuron/deltanet. S. littoralis larvae suffered greater mortality when fed for a longer period on a treated diet. Some larvae failed to pupate successfully. In some cases, the delayed effects were manifested in the pupal or adult stages, expressed by pupal or adult deaths and significantly reduced reproduction. We obtained similar results with lufenuron in the test with larvae of the 4 th , 5 th and final (6 th ) instars. In comparison with tebufenozide, lufenuron is more effective in reducing egg hatchability. As in the experiments with tebufenozide, the reduction in egg hatchability was caused by significantly low fertility of the treated males. Chitin synthesis inhibitors, including lufenuron, are mainly larvicides and, by inhibiting chitin formation, they act to cause abnormal endocuticular deposition, which leads to abortive molting and death. In addition, some compounds, such as diflubenzuron, also possess strong ovicidal activity, thereby causing a reduction in reproduction [25, 26] . The question as to why reduced fertility depends upon the males will be the basic subject of a following study.
